Strontium isotope ratios ( 87 Sr/ 86 Sr) in pristine low-Mg calcite of shells of rudist bivalves from the Titanosarcolites limestones exposed in the Central, Maldon, and Marchmont inliers of Jamaica indicate that species-rich rudist-coral associations persisted into the latest Maastrichtian (66-65 Ma). This finding contradicts the currently accepted hypothesis of stepwise extinction of rudist bivalves in the middle Maastrichtian and argues for a catastrophic, impact-related demise of Caribbean Cretaceous reefal ecosystems at the Cretaceous-Tertiary boundary.
INTRODUCTION
The timing and pattern of biotic extinctions in the Late Cretaceous leading up to the Cretaceous-Tertiary (K-T) boundary in tropical carbonate platforms and reefal ecosystems is poorly defined globally owing to imprecise biostratigraphic control MacLeod et al., 1997; Philip, 1998) . During the Late Cretaceous, extensive carbonate platforms were present in the Caribbean, and because of their proximity to the Yucatan site of impact of a large extraterrestrial body at the K-T boundary (Alvarez et al., 1980; Smit, 1999) , they should have been severely affected by impactrelated environmental perturbations. However, reefal ecosystem decline and the demise of rudist bivalves in the Caribbean have previously been attributed to stepwise extinction in the middle Maastrichtian, possibly caused by sea-level changes and climatic deterioration (Jiang and Robinson, 1987; Kauffman, 1996, 2001; .
Upper Cretaceous carbonate sequences in the Caribbean are well developed on the island of Jamaica (Kauffman and Sohl, 1973) , and these sections have been critical in determining the patterns of rudist bivalve extinction during the Maastrichtian (Jiang and Robinson, 1987; . The Cretaceous succession is exposed in several inliers, but is buried beneath Tertiary limestones elsewhere on the island. The inliers contain successions consisting of conglomerates, sandstones, shales, and limestones; the limestones contain the Titanosarcolites rudist fauna (Fig. 1) , the youngest *E-mail: thomas.steuber@ruhr-uni-bochum.de. rudist assemblage in the Caribbean region (Chubb, 1971; Gunter, 2002) . Although the stratigraphy of individual inliers is well known (e.g., Coates, 1965; Jiang and Robinson, 1987; Mitchell, 1999; Mitchell and Blissett, 2001) , detailed correlation between inliers, and with international stages, is difficult because of the endemic nature of much of the fauna.
To determine the age of the Titanosarcolites limestones in these inliers, we analyzed strontium isotope ratios in the diagenetically most stable form of biological carbonate, low-Mg calcite, in shells of rudist bivalves from localities in the Central, Maldon, Marchmont, and Jerusalem Mountain inliers of Jamaica (Fig. 2) . Variation of this isotope ratio in seawater during the Late Cretaceous and Tertiary is known in detail (McArthur et al., 1998 (McArthur et al., , 2000 (McArthur et al., , 2001 MacLeod et al., 2001) and provides a precise tool for global stratigraphic correlation (Veizer et al., 1997) . Owing to the long residence time of Sr in seawater, the 87 Sr/ 86 Sr values in waters of normal marine salinity are globally uniform, so the 87 Sr/ 86 Sr values of diagenetically unaltered carbonates can be used to derive precise numerical ages. This method avoids problems of conventional biostratigraphy, such as correlation between different faunal provinces or endemic associations (Hazel and Kamiya, 1993) , and has been increasingly used as a tool for global stratigraphic correlation (McArthur, 1994; Steuber, 2001) .
MATERIALS AND METHODS
Samples were drilled with tungsten instruments (0.6 mm diameter) from polished sections of well-preserved areas of the outer shell layer of valves of the rudist genera Plagioptychus, Hippurites, and Chiapasella and from oyster shells. Diagenetic calcite, either as void-filling precipitate or as replaced aragonite, was also sampled. We analyzed 58 samples from 27 specimens of rudists and oys- 
RESULTS

Preservation of Original Sr Isotope Ratios
The original seawater 87 Sr/ 86 Sr values of skeletal carbonate can be altered by diagenesis, and samples must be carefully screened for such effects. Scanning electron microscopy (SEM) shows that the low-Mg calcite outer shell layer of the rudists analyzed has wellpreserved, fibrous, prismatic ultrastructure (Fig. 3) . Because the state of preservation can vary significantly between different areas of a single shell, the elemental composition of splits of samples analyzed for Sr isotope ratios was used to select the best-preserved samples. Diagenesis of low-Mg calcite typically involves decreasing Sr and increasing Fe and Mn concentrations (Veizer, 1983) . This pattern is clearly seen in the samples analyzed (Fig.  4) (McArthur, 1994) . Sr concentrations of these samples range from 1270 to 1643 g/g, characteristic of Late Cretaceous rudist calcite (Steuber, 1999 (Steuber, , 2002 (Fig. 4) , these have been excluded from the calculation of numerical ages. This approach may have eliminated samples in which the original Sr isotopic composition is still preserved, because Fe and Mn may derive from oxyhydroxide coatings within the shells instead of being structurally bound in the calcite (McArthur, 1994) . Because 87 Sr/ 86 Sr values decrease only slightly with increasing Mn and Fe concentrations (Fig. 4) (Table 1) . Such a trend is expected in a diagenetic environment where the Sr of pore fluids is derived predominantly from island-arc-type volcaniclastic sediments that are intercalated with rudist-coral limestones of Jamaica (Mitchell, 1999) (Fig. 5) .
Numerical Ages
Compared with the 87 Sr/ 86 Sr reference curve for Cretaceous seawater (McArthur et McArthur et al. (2001) , following the method of McArthur et al. (2000) . Upper and lower age limits were obtained by adding two standard errors (s.e.) of the mean value of isotopic results from each locality to the statistical uncertainty of the seawater curve (Fig. 5) . For most localities, fewer than four values were available, and uncertainty was considered to be twice the standard error of the mean value of USGS EN-1 run together with samples (Ϯ0.000 012, Ϯ0.000 008, or Ϯ0.000 007, for n ϭ 1, 2, and 3, respectively). § Sample levels of the Rio Minho section are rhythms or divisions (Mitchell, 1999 (Fig. 5) . The age of rudist-coral associations from the Jerusalem Mountain inlier corresponds with previous biostratigraphic data obtained from nannofossils (Jiang and Robinson, 1987) . No reliable numerical age was obtained from the Sr isotope composition of shells from the Oyster Limestone, which was thought to overlie the Jerusalem Mountain rudist limestones and was interpreted to reflect the middle Maastrichtian extinction event . The most continuous section of Maastrichtian limestones (Guinea Corn Formation) is exposed in the bed of Rio Minho (Mitchell, 1999) . The increase of mean 87 Sr/ 86 Sr values of samples from four successive levels of the section supports our assumption that the original seawater 87 Sr/ 86 Sr signature is well preserved in those samples that have been selected to derive numerical ages, although data on elemental composition from samples of the lowest level are not decisive. The highest sample is from a level 36 m below the top of the Guinea Corn Formation and yielded an age of 65.8 Ma. Logie Green is the type locality of several rudist species, among them the type species of genera that have numerous records elsewhere in the New World such as Titanosarcolites and Chiapasella. According to Sr isotope stratigraphy, this locality can be correlated with the middle part of the Rio Minho section (Fig. 5) , which is within analytical uncertainty of the values of 0.707 828 Ϯ 3 ϫ 10 Ϫ6 and 0.707 832 Ϯ 7 ϫ 10 Ϫ6 given for the K-T boundary in Europe and Antarctica, respectively, by McArthur et al. (1998) .
DISCUSSION
The data presented here provide, for the first time, precise ages for the Titanosarcolites limestones and indicate that species-rich associations of rudist bivalves-as well as numerous groups of associated benthos that thrived in the shallow-water, tropical marine environments of the Caribbean-persisted into the latest Maastrichtian. This finding provokes the scenario of a catastrophic extinction related to the impact of a large extraterrestrial object at the K-T boundary. However, supporting sedimentological evidence does not yet exist in Jamaica. The critical intervals are either unrecognized within thick volcaniclastic successions that buried the carbonate platforms, or hidden beneath Tertiary limestone cover. In the Mediterranean and Middle Eastern Tethys deposits, a reduction in diversity and abundance of rudists is noted as early as the Campanian, and this decline was probably related to a loss of habitat, although precise stratigraphic control is available only for a few occurrences (Philip, 1998) . Consequently, a clear pattern of extinction has not yet emerged. Our data show that the history of Late Cretaceous carbonate platforms can be traced with considerable precision by Sr isotope stratigraphy and that the global pattern of timing as well as the causes of the demise of the distinctive ecosystems of late Mesozoic tropical shallowwater environments must be reevaluated.
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